Lepeophtheirus salmonis infection occurred on 30% of 622 sea trout examined from Scottish waters, with intensities up to 258 per fish. Caligus elongatus was rarer, being recorded on only 3% of trout, at a maximum intensity of 14. Geographical and temporal variations were found in the pattern of infection with L. salmonis. Most lice recorded were chalimus stages. On each fish, the same developmental stage of lice predominated, but this stage varied, even between fish caught on the same location at the same date. Haemorrhage at the base of dorsal fins infected with chalimus infection was the only skin damage found associated with lice. Analysis of the population structure of lice at two locations showed a progression of developmental stages with time, but also evidence of continual re-infection up to the end of sampling in late July. A positive relationship was found between sea trout condition and the intensity of infection with chalimus III+ larvae but a negative relationship was found with the intensity of chalimus II infection, possibly related to the length of time in, and adaptation to, sea water. The heaviest infection of sea trout with lice was recorded in the salmon farming areas of the west and north-west of Scotland. However, no clear pattern emerged with levels of infection at single locations in relation to the proximity to the nearest salmon farm or with the pattern of infection (and larval production) within an adjacent salmon farm.
Introduction
The parasite fauna of sea trout has been the subject of few studies compared to that of non-migratory brown trout. This study is part of the first comprehensive survey of the parasites infecting wild sea trout in Scotland (to be published separately), prompted by the recent decline in sea trout populations on the west of Scotland (McVicar et al., 1993a; Walker, 1994; Northcott and Walker, 1996) . Heavy infections of the parasitic copepod Lepeophtheirus salmonis (Krøyer), commonly known as the salmon louse, have been implicated as a major factor contributing to a comparable decline in sea trout populations in the west of Ireland . Particular attention was therefore paid to this species and the related species Caligus elongatus Nordmann, 1832. The two species are referred to collectively below as ''sea lice''. Both species have direct life cycles with no intermediate hosts, but whereas L. salmonis is specific to salmonids, C. elongatus has much wider host specificity. Their developmental stages are similar but differ in number: C. elongatus has 8 stages (Piasecki and MacKinnon, 1995) , whereas L. salmonis has 10, with the addition of 2 pre-adult stages (Johnson and Albright, 1991) . Although there are likely to be many contributory factors in the decline in sea trout populations, only sea lice are considered in this paper.
Sampling effort was concentrated on smolts and postsmolts because studies in Ireland have shown that the greatest mortalities of sea trout there occurred in the early stages of marine life (Anon., 1992) , and an assessment is made of the possible contribution of marine salmon farms to lice populations on sea trout.
Materials and methods

Data collection
Samples of sea trout, to a maximum of 38 per sample, and totaling 622 fish, were taken mainly by seine-netting, rod-and-line, and some by gill-netting.
Seventeen locations on the west coast of Scotland, two on the east coast and one on the north coast were sampled (Table 1) , although four contained five or less fish and were excluded from the analysis (Fig. 1) . The locations represented a wide variety of estuarine conditions used by sea trout smolts and were further selected to represent a range of distances from the nearest salmon farm. Most of the trout caught were recent smolts but some older and mature sea trout were also taken during the summer. Fish were stored in individual polythene bags, labelled with place and date of capture, and deep-frozen. This was done with the minimum of handling in order to avoid dislodging lice.
In the laboratory, total length (to tip of tail), fork length, total weight and sex were recorded. Fish age was determined from scales for certain samples only, particularly where large numbers of fish were available (Laxford and Dunstaffnage). The fins, skin surface and gill cavities were scanned for the presence of lice at 6 magnification and the exact position and stage of development of each louse was recorded. The contents of each bag were examined under magnification for the presence of any detached parasites. Chalimus larval stages I and II were simply recorded as ''chalimus I'' and ''chalimus II'' because these larvae are difficult to identify to species even when in good condition and many of our deep-frozen lice specimens were damaged.
Data analysis
The terms used in this paper to describe levels of parasitic infection are as recommended by Margolis et al. (1982) . Prevalence is number of host individuals infected divided by number examined (expressed as a percentage), intensity is the number of parasites infecting an individual host, and abundance is the total number of parasites in a sample divided by the number of host individuals in that sample.
Small sample sizes precluded a full statistical analysis of the variation in lice prevalence, intensity or population structure with respect to geographic location and date of sampling. Instead the data were examined for general patterns. A statistical analysis was made by Generalized Linear Model (GLM) of the variation in prevalence and intensity between Dunstaffnage and Laxford and also over time whilst controlling for the influence of demographic (age, length and sex) variation. Analyses were restricted to those fish whose size indicated that they had not over-wintered at sea (the confounding influence of this variable could not be tested by inclusion in the model due to the low number of fish that may have over-wintered). When considering prevalence, a binomial error structure with a logit link function was used (McCullagh and Nelder, 1983) . For intensity of infection the small sample sizes led to the selection of a Gaussian error structure with identity link function rather than application of Poisson errors with adjusted scale parameter, or a negative binomial error structure (Wilson et al., 1996) . Analysis of the relationship between sea lice infection and condition of sea trout was again restricted to data from Dunstaffnage and Laxford. Log weight-log length relationships were fitted to data from each location and the difference between the weight predicted from these relationships and the observed weight was used as a measure of the condition of individual fish (Jakob et al., 1996) . Generalized linear models were used to test the relationships between the dependent variablecondition, and the independent variables -intensity of sea lice stages chalimus II and younger (chalimus II ), and chalimus III and older (chalimus III+). Sex, age and length of the sea trout, date of sampling (before or after 5 June) and whether the fish had or had not overwintered at sea were also included as independent variables in order to account for potential confounding influences on the effect of lice infection. Log transformations were applied to the lice intensity variables. A Gaussian error structure with identity link function was used (McCullagh and Nelder, 1983) .
In the analysis of lice prevalence and intensity, and the condition of the sea trout, a stepwise model selection was used. Main effects models were used as the starting point with the addition and deletion of terms made on the basis of reduction in AIC statistic (Chambers and Hastie, 1993) .
Results
Of the 622 sea trout examined in the laboratory, 55 were male, 342 female and 225 were not sexed, mostly because of difficulty in sexing small immature fish. They ranged in fork length from 101 to 559 mm.
Excluding chalimus stages I and II, which could not be identified to species level with certainty, L. salmonis was found to infect one-third of all the sea trout examined, at intensities of up to 258 per fish. C. elongatus was found on only 18 trout with a maximum intensity of 14. The maximum intensity of all sea lice (including chalimus stages I and II) was 330.
Geographical variations in prevalence and abundance (Table 2) Prevalences and intensities of L. salmonis and early larval stages of lice were high at Dunstaffnage and were significantly different from those at Laxford. The small sample taken at Morar also had a high prevalence of L. salmonis, while that from Hope had a relatively high prevalence of C. elongatus. The lowest prevalences were recorded at Squod and Luce. The only sea lice found at Luce were in the last small sample (on five fish larger than post-smolts) taken in September.
Population structure
The frequency distributions of sea lice on sea trout were skewed in most samples. Consequently, the numbers on a small number of fish could greatly influence the calculated abundance for an area (Table 2 ). This was most apparent in the west and north-west. Although only 3 infected fish were found in the Ewe sample of 14 trout taken on 24-27 May, the abundance was high because the sample included one of the most heavily infected fish recorded with 207 lice. Only 2 infected fish were found in the Hope sample of 13 trout taken on 8 June, but they had 91 and 102 lice each. Only 4 infected fish were found in the Gruinard sample of 5 trout taken on 3 June, but one of these had 194 lice.
The population structure of sea lice on each of the most heavily infected trout in terms of the proportion of each developmental stage present is given in Table 3 . On each of these fish the majority of lice were at about the same stage of development, but the predominant stage varied even between fish caught at the same location on the same date. On the two most heavily infected fish from Dunstaffnage, chalimus stages I and II accounted for 79 and 97% of the population; of the lice on heavily infected fish from Snizort, Feochan, Laxford and Ewe, 93, 87, 81 and 79% respectively were chalimus stages III and IV; of the lice on another fish from Feochan 93% were copepodids, while on another fish caught at Feochan on the same date, less than 1% of the lice were copepodids but 61% were chalimus stages II and III.
Temporal variations in prevalence and population structure
Changes in lice population structure with time were analysed for the only two locations for which sufficient data were available, namely Laxford and Dunstaffnage.
At Laxford (Table 4) , the first sample taken on 27 April was free from lice infection and the lice population in the second sample taken on 10 May consisted entirely of copepodids. In the third sample taken on 24 May, copepodids and chalimus stages I and II made up over 92% of the lice population. This was reduced to 30% in the last sample taken on 7 June, in which the dominant stage was chalimus IV. No adult lice and only 11 pre-adults were recorded at Laxford.
At Dunstaffnage (Table 5) , copepodids accounted for 69% of the lice population in the first sample taken on 5 May, but 11 adult lice, including 3 ovigerous females, were also found, all of them on 3 of the 5 sea trout in the sample which had spent 1 or 2 winters at sea. By 16 May chalimus stages I and II were the dominant components, comprising 71% of the population. In the sample taken one week later on 24 May, chalimus stages I and II were still dominant, but there were slightly more of the later chalimus stages and pre-adults had begun to appear. Adult lice reappeared in the sample taken on 30 May, but with chalimus stages I and II still making up 46% of the population. The small sample of 12 fish taken on 14 June had the highest abundance figure for sea lice of any sample taken in this study, but the population structure had changed little from the 30 May sample. In the last large sample taken on 6 July, copepodids and chalimus stages I and II accounted for only about 10% of the population while 25% were adults. In a small sample of only 5 fish taken on 21 July, from which 141 lice were recovered, adults accounted for 27% of the population, but the component consisting of copepodids and chalimus stages I and II had risen again to almost 50%.
The lice population structure at other locations (Table  6) showed a general trend towards fewer copepodids and more adult stages in later samples. However, chalimus 
Pathology
The base of the dorsal fin was the main attachment site for chalimus larvae. Here, in the most heavily infected fish where there were aggregations of 50-100 lice, haemorrhage was seen and tissue between the rays of the dorsal fins was severely eroded. No open lesions on the head such as occur in farmed salmon were visible on any of the sea trout sampled.
Relationship between lice infection and condition of sea trout
The results from Dunstaffnage and Laxford samples were consistent with each other and showed significant relationships between trout condition and period of sampling, and also between trout condition and intensity of infection with both categories of lice developmental stage (Tables 7 and 8 ). At both locations condition was higher in fish sampled after the arbitrarily selected date of 5 June. In general, the condition of sea trout from Dunstaffnage was positively related to intensity of chalimus III+ infection but negatively related to intensity of chalimus II infection. However, the relationship with chalimus III+ intensity became stronger as the intensity of chalimus II decreased, and the negative relationship between condition and intensity of chalimus II infection was only evident in fish with chalimus III+ intensities of more than about five.
Results from Laxford were less clear, probably as a consequence of the lower levels of infection at this location. A slight positive relationship was found between condition and intensity of chalimus III+ infection, but only in smaller fish. Again condition was negatively related to intensity of chalimus II but this time only in male and unsexed fish. No relationship was evident in female fish. A significant effect of over-wintering at sea was also detected at Laxford, with over-wintering fish having a higher condition. However, the number of overwintering fish included at this analysis was very small. At Dunstaffnage a larger number of over-wintering fish was available for inclusion in the analysis and no effect on condition was found.
Relationship between level of lice infection and distance to nearest salmon farm All of the most heavily infected individual sea trout were caught in the salmon farming region in the west and north-west of Scotland. The overall abundance of sea lice in samples from this area was 23.8, compared with only 1.6 for the combined south-west (Luce) and east coast (Eden and South Esk) locations. However, when the data were analysed for levels of lice infection at single locations in relation to the proximity of each location to the nearest salmon farm, no clear pattern emerged (Table 9 ). The sampling position closest to a fish farm (Ailort) had a relatively low level of infection, although the veracity of this result must be questioned because these trout were in fresh water when caught and may have lost some of their lice as a consequence. On the other hand, two of the three highest prevalences and abundances of sea lice were recorded in two samples taken within 2 km of salmon farms that were active in 1994 (Dunstaffnage and Laxford), while the third was from a location 14 km from the nearest farm (Morar). The salmon farm in Loch Ewe within 2 km of both the Ewe and Squod locations was fallowed (i.e. there were no fish kept on the site) in 1994; there were no infected fish from the Squod and the Ewe had a relatively low level of infection. The Hope sample was taken within 3 km of a salmon farm that was not fallowed in 1994; it had a low prevalence of lice but a moderate abundance because of the presence of two exceptionally heavily infected fish. Two of the three locations distant from salmon farms (Eden and South Esk) had relatively high prevalences but low to moderate abundances.
Discussion
Pathology and the relationship between sea trout condition and sea lice infection Severe fin erosion, such as observed in this study, is a pathological change commonly associated with the feeding and movement of chalimus larvae causing erosion and mechanical disruption of the epidermis in Atlantic salmon and sea trout (Grimnes and Jakobsen, 1996) . However, in field and experimental studies, no reduction has been detected in the physiological performance of sea trout associated with these changes (Grimnes and Jakobsen, 1996; Dawson, 1998) . Such lesions, which are also common in tank-reared smolts without notable consequences on transfer to sea water, are therefore probably of little direct significance to the survival of the fish.
The main cause of lice-induced mechanical injury in Atlantic salmon and sea trout is usually infection with pre-adult and adult stages of L. salmonis (Jones et al., 1990; Jó nsdó ttir et al., 1992; Dawson et al., 1997) . Where skin is extensively lesioned, death is probably due to osmoregulatory failure (Wootten et al., 1982) . In contrast to the lack of any physiological impact of infection by chalimus stages, salmon post-smolts suffered severe osmoregulatory failure less than three days after the appearance of pre-adult I stages (Grimnes and Jakobsen, 1996) . In experimental studies, Dawson et al. (1997) noted recovery of lice-associated lesions in the head region as lice moulted to the adult stage and gravid females resettled in more posterior locations on the body of the trout and salmon. A similar re-distribution of lice between pre-adult and adult lice on the fish body was noted in the present study and may have contributed to the absence of open skin lesions on sea trout in this study. However, it is more likely that this is linked to the scarcity of pre-adult and adult lice on the sea trout post-smolts.
The positive relationship between sea trout condition and intensity of chalimus III+ infection and the negative relationship between condition and intensity of chalimus II infection run counter to common observations of the pathological effects of sea lice infection. An explanation may lie in the length of time an individual fish has been in the sea. Data from Dunstaffnage and Laxford suggest that peak lice transmission occurred early in the sampling period with a reduction in chalimus II intensity and an increase in chalimus III+ intensity over time. In addition, increasing time at sea provides greater opportunity for the fish to pass through the critical period immediately after sea water transfer. During this period, which may last for 30 d in salmon, both appetite and growth are suppressed (Usher et al., 1991; Stead et al., 1996) leading to a reduction in condition. The patterns of lower condition during the first part of the sampling period and the higher condition of overwintering fish at Laxford are consistent with this. The resulting correlation with condition, positive for chalimus III+ intensity and negative for chalimus II intensity, might be sufficient explanation of the GLM results if the division of time into two periods was too coarse to capture all of the increase in condition over time. This scenario does not explain the complex relationships between condition and lice intensity responsible for the significant interaction terms of the models.
Transmission of sea lice larvae
There is contradiction in the literature regarding the favoured conditions for sea lice transmission (Bron et al., 1991) with different studies suggesting the best locations in both low salinities (Anon., 1994, Northcott and Walker, 1996) and high salinities (Johnson and Albright, 1991) . However, recent experimental and survey data has demonstrated that transmission of sea lice occurs predominantly in conditions of high salinity in both inshore and offshore waters (Heuch, 1995; ICES, 1997) . Evolutionary pressures on lice inevitably lead to a close association between the behavioural patterns of the lice and those of its hosts, particularly during host location and attachment, which are particularly vulnerable stages in the parasite life cycle. Johnstone et al. (1995) found that most of 12 smolts tagged on a west Scottish river remained in sea water within 1.5 km of their estuary of origin for several days. Pemberton (1976) suggested that sea trout post-smolts in western Scotland only left the localized areas in sea lochs that they initially inhabit and moved into open sea in July, returning again to the rivers in October to November. As heavy infection of sea trout post-smolts has been shown to occur within 2 wk of entering sea water in Ireland (ICES, 1997) or even within 1-2 d in Norway (Birkeland and Jakobsen, 1997) , a main site of infection can be considered to be inshore waters close to the rivers of smolt origin. There is, however, a lack of information on variations in the pattern of infection between areas with different hydrographic and physical characteristics, although the present data, even from within one loch system (Ewe and Squod), suggest that this can be considerable. Sporadic pulses of infection, such as has been observed in salmon post-smolts held in experimental cages by McVicar et al. (1993b) and Costelloe et al. (1995) may account for some of the variations in louse population structure and the skewed infection frequency distribution. Some of the difficulties in interpreting lice data from sea trout post-smolts may reside in the behaviour of some sea trout after entering the marine environment. Johnstone et al. (1995) noted that 3 of their 12 tagged fish returned to fresh water within a few hours of release. As survival of both adult and juvenile lice is limited in freshwater conditions (Johnson and Albright, 1991) , some uninfected or lightly infected post-smolts may have had previous infections that had been eliminated by return migrations into fresh water. These return migrations of sea trout, which may be a more normal part of the behaviour of early post-smolts than is generally recognized, could account for the infrequent occurrence of pre-adult and adult stages on sea trout post-smolts in this study.
Assessment of role of salmon farms
The present data show that in general, the highest levels of lice infections occur in the main area of salmon farming activity. However, a significant contribution to the lice burdens of sea trout in these areas from salmon farms is just one possible explanation for this observation as the sheltered west coast conditions suitable for fish farming may also be a preferred area for lice transmission. Unfortunately, there are no historical data from the period prior to the development of salmon farming with which to compare results as the one early study by Pemberton (1976) did not indicate the level of lice infections on individual fish nor which lice stages were found. It is therefore impossible to say from historical data to what extent salmon farming may be implicated. However, the decline in sea trout numbers prior to the development of fish farming and in areas without farms (Walker, 1994) indicates the influence of factors other than lice of farm origin.
On a small geographical scale within the salmon farming area, no relationship could be detected between the level of infection and the distance to the nearest farm up to about 14 km. This result is difficult to interpret in terms of the role of the salmon farm in these infections because the samples were not truly comparable, some were taken in fresh, some in brackish, and some in sea water. Furthermore the habit of sea trout post-smolts of making return migrations into fresh water could result in lice infections occurring, then being eliminated, perhaps on several occasions. In Ireland where much more data are available, there is still considerable controversy surrounding the dispersion patterns of sea lice larvae from fish farms and the possible role these may have in infecting local populations of sea trout (Gargan et al., 1993; Tully and Whelan, 1993; Costelloe et al., 1996) .
The observed differences in the infection patterns at different sites serve to illustrate the difficulties in interpretation of data from field situations where a wide range of physical and biological factors may be affecting the level of lice on an individual fish. At Dunstaffnage, where a lice infected farm was present nearby, a fairly high level of infection was established by 5 May. This situation most closely resembles that described by Tully et al. (1993a) where infections of lice of up to 100% prevalence and 248 maximum intensity occurred in Irish sea trout, mostly smolts, sampled between May and July. In such a case infection from a salmon farm may be implicated. Tully et al. (1993a) stated that ''A correlation between larval production (from salmon farms) in mid April and subsequent parasitic intensity of sea lice on sea trout at the beginning of May is therefore expected if transmission to sea trout is related to local production''. However, in contrast to Ireland where there was apparently little transmission of lice to sea trout after May, despite continued production of lice larvae from salmon farms Tully et al., 1993b) , the levels of infection on the Dunstaffnage population continued to rise during May and June. Copepodids and early chalimus stages were found in both June and July. At Laxford a markedly different pattern of infection dynamics occurred, with lice infection being absent in the April sample and scarce in early May. As indicated by the presence of marine internal parasites (Hysterothylacium aduncum, Podocotyle atomon and tetraphyllidean plerocercoids) (unpublished observations), at least a proportion of these fish had been feeding for some time in the sea and should have been exposed to infection by any lice larvae present in the vicinity. It is therefore evident that a nearby salmon farm was not an important source of infection to the wild fish in that area during that period, despite the farm then requiring regular treatment for lice (C. Brodie, pers. comm.) . Although areas of intense salmon farming and heavy lice infections on sea trout are positively associated, these results provide no direct evidence of the role and significance of salmon farms in the transmission of sea lice to wild sea trout.
Transmission from other wild salmonids Wild salmon returning from the open ocean may carry significant levels of lice infection (Bristow and Berland, 1995; Jacobsen and Gaard, 1997) but little is known about the numbers of sea trout that over-winter at sea and the level of infection these may carry. Northcott and Walker (1996) stated that most mature sea trout and salmon do not return to the river mouths until summer and autumn and thus few salmonid hosts would normally be present when the smolts make their descent. However, salmon farms without previous lice problems do obtain infections during the winter months. Also, in the present study, the occurrence on 5 May of adult sea lice on mature Dunstaffnage sea trout, which had spent at least one winter at sea, directly demonstrated the existence of a local wild source at the time when smolts were migrating.
